Voltage-gated calcium channels are in a closed conformation at rest and open temporarily when the membrane is depolarized. To gain insight into the molecular architecture of Ca v 1.2, we probed the closed and open conformations with the charged phenylalkylamine (؊)devapamil ((؊)qD888). To elucidate the access pathway of (؊)D888 to its binding pocket from the intracellular side, we used mutations replacing a highly conserved Ile-781 by threonine/proline in the pore-lining segment IIS6 of Ca v 1.2 (1). The shifted channel gating of these mutants (by 30 -40 mV in the hyperpolarizing direction) enabled us to evoke currents with identical kinetics at different potentials and thus investigate the effect of the membrane potentials on the drug access per se. We show here that under these conditions the development of channel block by (؊)qD888 is not affected by the transmembrane voltage. Recovery from block at rest was, however, accelerated at more hyperpolarized voltages. These findings support the conclusion that Ca v 1.2 must be opening widely to enable free access of the charged (؊)D888 molecule to its binding site, whereas drug dissociation from the closed channel conformation is restricted by bulky channel gates. The functional data indicating a location of a trapped (؊)D888 molecule close to the central pore region are supported by a homology model illustrating that the closed Ca v 1.2 is able to accommodate a large cation such as (؊)D888.
Voltage-gated calcium channels are in a closed conformation at rest and open temporarily when the membrane is depolarized. To gain insight into the molecular architecture of Ca v 1.2, we probed the closed and open conformations with the charged phenylalkylamine (؊)devapamil ((؊)qD888). To elucidate the access pathway of (؊)D888 to its binding pocket from the intracellular side, we used mutations replacing a highly conserved Ile-781 by threonine/proline in the pore-lining segment IIS6 of Ca v 1.2 (1). The shifted channel gating of these mutants (by 30 -40 mV in the hyperpolarizing direction) enabled us to evoke currents with identical kinetics at different potentials and thus investigate the effect of the membrane potentials on the drug access per se. We show here that under these conditions the development of channel block by (؊)qD888 is not affected by the transmembrane voltage. Recovery from block at rest was, however, accelerated at more hyperpolarized voltages. These findings support the conclusion that Ca v 1.2 must be opening widely to enable free access of the charged (؊)D888 molecule to its binding site, whereas drug dissociation from the closed channel conformation is restricted by bulky channel gates. The functional data indicating a location of a trapped (؊)D888 molecule close to the central pore region are supported by a homology model illustrating that the closed Ca v 1.2 is able to accommodate a large cation such as (؊)D888.
The pore-forming ␣ 1 -subunit of voltage-gated Ca 2ϩ channels (Ca v ) 2 is composed of four homologous domains (I-IV), each of which has six transmembrane segments (S1-S6) (2) . Membrane depolarization initiates conformational changes leading to channel opening (activation) and subsequent closure (inactivation). Channel activation can be considered as a multistep process in which a conformational change in the voltage sensor (formed by multiple charged amino acids located in segment S4 and adjacent structures of each domain (3)) stimulates opening of a gate (formed by the four S6 segments).
Three-dimensional structures of Ca v are not known. Comparisons of the crystal structures of the closed KcsA (4) and the open conformation of K v 1.2 (5) suggest that pore-forming S6 segments undergo substantial conformational changes during channel activation. Extension of this hypothesis to Ca 2ϩ channels is supported by recent kinetic studies on mutant Ca v 1.2 that suggest bending in segment IIS6 during channel activation (1) .
Ca v 1.2 channels are highly sensitive to phenylalkylamines (PAA) (6). Here we investigate whether the permanently charged (quaternary) (Ϫ)devapamil ((Ϫ)qD888) can freely access its binding pocket in the open inner pore of Ca v 1.2 from the intracellular side. To analyze the effect of the membrane potential on channel block, we used mutations of the conserved Ile-781 to threonine/proline in the pore-lining segment IIS6 of Ca v 1.2 (1, 7) that have previously been shown to shift channel activation and inactivation by 30/40 mV in the hyperpolarizing direction (1) . The unique kinetic phenotypes of these mutants (displaying similar Ca 2ϩ channel current kinetics at different membrane potentials) enabled us to analyze, for the first time, the role of the membrane potential per se in Ca v inhibition by a PAA. The novel findings of this study are that the development of channel block by (Ϫ)qD888 is unaffected by the transmembrane voltage, but recovery from block at rest is affected, i.e. dissociation accelerates as the voltage becomes more negative. These findings lead us to conclude that drug association occurs via a widely open channel mouth (free access of the charged molecule with no voltage drop from inside to the binding site), whereas drug dissociation from the closed channel conformation is restricted by the closed channel gate that has a substantial voltage drop across it. Analyzing the voltage-dependence of recovery using the Eyring rate constant theory predicts that the quaternary and tertiary (Ϫ)D888 bind near the central pore region. . 11 for details), and tertiary (Ϫ)D888 was from Knoll AG Ludwigshafen. For intracellular application, (Ϫ)qD888 was dissolved in the internal (pipette) solution and applied directly via the patch pipette. I Ba were recorded 5 min after the whole cell configuration was established. To assure that that the internal drug concentration reached steady state, use-dependent block was monitored after different time intervals. An approximation of the time for intracellular perfusion (see Ref. 12) predicts that under our experimental conditions, an equilibrium between the pipette concentration of (Ϫ)D888 and the intracellular solution should be reached within about 10 s. Quaternary (Ϫ)D888 was applied by conventional bath perfusion from the outside and I Ba recorded after a 5 min equilibration period.
EXPERIMENTAL PROCEDURES
The current-voltage (I-V) curves were fitted using the following mod-
, where V rev is extrapolated reversal potential, V is membrane potential, I is peak current, G max is maximum membrane conductance, V 0.5,act is the voltage corresponding to half-maximal activation, and k act is a slope factor.
The voltage-dependence of I Ba inactivation (inactivation curve) was measured using a multi-step protocol to account for run-down (7). The pulse sequence was applied beginning at 40-s intervals from a holding potential of Ϫ80 mV. Steady-state inactivation curves were drawn according to a Boltzmann equation, I Ba,inact ϭ I ss ϩ (1 Ϫ I ss )/(1 ϩ exp((V Ϫ V 0.5,inact )/k)), where V is membrane potential, V 0.5,inact is midpoint voltage, k is the slope factor, and I ss is the fraction of non-inactivating current.
Use-dependent Ca 2ϩ channel block was estimated as peak I Ba inhibition during short (100 ms) test pulses from Ϫ80 mV at a frequency of 0.2 Hz. The dose-response curves of I Ba inhibition were fitted using the Hill equation,
where IC 50 is the concentration at which I Ba inhibition is half-maximal, C is the applied drug concentration, A is the fraction of I Ba that is not blocked, and n H is the Hill coefficient.
I Ba -unblock from use-dependent inhibition by (Ϫ)qD888 or (Ϫ)D888 was studied by applying a 20-ms test pulse at various time intervals after the last pulse of the train. The time course of I Ba recovery from block was fitted to a mono-exponential function. Recovery from slow inactivation was measured by applying a 6-s prepulse and subsequently 20-ms test pulses at increasing time intervals starting at 0.3 s after the prepulse to skip recovery from fast inactivation.
All data were digitized using a DIGIDATA 1200 interface (Axon Instruments), smoothed by means of a four-pole Bessel filter, and stored on computer hard disc. 100-ms current traces were sampled at 10 kHz and filtered at 5 kHz; for the steadystate inactivation protocol, currents were sampled at 1 kHz and filtered at 0.5 kHz. Leak currents were subtracted digitally using average values of scaled leakage currents elicited by a 10-mV hyperpolarizing pulse. Series resistance and offset voltage were routinely compensated for. The pClamp software package (version 7.0 Axon Instruments, Inc.) was used for data acquisition and preliminary analysis. Microcal Origin 7.0 was used for analysis and curve fitting. Data are given as mean Ϯ S.E. for n Ն 4. Statistical significance was assessed with Student's unpaired t test.
RESULTS
We have previously shown that amino acid substitutions for Ile-781 in segment IIS6 (Ca V 1.2) shift the channel activation and inactivation curves by similar amounts in the hyperpolarizing direction (1) . Mutants I781T and I781P display the most prominent changes in gating. Here we use these mutants to analyze whether the access of a large cation, such as the permanently charged PAA (Ϫ)qD888, to its putative binding site near the central cavity of the Ca v 1.2 (13-16) is affected by the transmembrane voltage. This question could not be answered using wild-type channels because changes in current kinetics (at different test potentials) substantially alter the rate and amount of channel inhibition (see Refs. 17-19 for review). The fact that mutants I781T and I781P activate and inactivate with similar kinetics at different membrane potentials enabled us to eliminate effects of state-dependent drug action while analyzing channel block at different voltages.
We used a 4-fold higher Ba 2ϩ concentration (20 mM) than in Hohaus et al. (1) to better resolve I Ba in the presence of high concentrations of intracellular (Ϫ)qD888. I Ba traces the corresponding current-voltage, and the inactivation curves are shown in Fig.  1 , A-C. Shifts in the midpoint voltage of activation and inactivation curves and similar reversal potentials of the channels agree with our previous study (1) . A comparison of the current kinetics (Fig. 1A) 
(Ϫ)qD888 Binds in a Use-dependent and Voltage-independent Manner-It is widely accepted that charged PAA access their binding site in the open channel pore from the intracellular side via a hydrophilic route (e.g. 11, 20) . Consistent with this assumption, (Ϫ)qD888 inhibited wild-type Ca V 1.2 and mutants I781T and I781P in a usedependent manner. The development of channel inhibition at the three test potentials 20 mV (wild type), Ϫ10 mV (I781T), and Ϫ20 mV (I781P) during 0.2-Hz pulse trains is shown in Fig. 2 . We observed a current inhibition of wild-type channels by 20 Ϯ 2% (10 M), 39 Ϯ 5% (30 M), 64 Ϯ 4% (100 M), and 77 Ϯ 4% (300 M) compared with 34 Ϯ 2%, 54 Ϯ 5%, 77 Ϯ 4%, and 91 Ϯ 4% in I781T and 23 Ϯ 2%, 53 Ϯ 7%, 72 Ϯ 4%, and 85 Ϯ 4% in I781P channels (n Ն 3; Fig. 2, A-C ). Similar current inhibition by 100 M (Ϫ)qD888 was observed at lower (5 mM) barium concentration for wildtype (66 Ϯ 3%) and I781T (78 Ϯ 3%).
In drug-free solution, channels accumulated in an inactivated state causing I Ba inhibitions of 6 Ϯ 5% in wild type, 19 Ϯ 4% in I781T, and 11 Ϯ 5% in I781P. After correction for inactivation, drug sensitivities at different voltages were analyzed by plotting steady-state I Ba inhibition versus the applied drug concentration. The time constants of channel block of current inhibition at the different drug concentrations are given in Table 1 .
The IC 50 values for I Ba inhibition of wild-type, I781T and I781P were 43.7 Ϯ 3.4 M, 41.0 Ϯ 2.1 M, and 34.3 Ϯ 8.2 M, respectively (Fig. 2D) . These data show that the 30 or 40 mV larger test pulses did not enhance I Ba inhibition by (Ϫ)qD888, demonstrating that drug access to the binding site was not affected by membrane potential. Fig. 3 illustrates recovery from usedependent inhibition by (Ϫ)qD888 (100 M) at different holding potentials. Use-dependent block was induced by a standard train (as shown in Fig. 2) , and the holding potential thereafter was switched either to Ϫ80, Ϫ90, Ϫ100, or Ϫ110 mV. The fraction of recovered channels was determined by applying a test pulse (to 20 mV in wild-type, Ϫ10 mV in I781T, and Ϫ20 mV in I781P) after different time intervals (see inset in Fig. 3) .
Voltage-dependent Recovery from Block Reflects Restricted Drug Dissociation-
I Ba recovered faster at more hyperpolarized potentials (Fig.  3) . Plotting the time constants of recovery versus voltage in semi-logarithmic coordinates revealed an exponential dependence (Fig. 3D) . Surprisingly, all three channel types recovered at similar voltages with similar time courses despite the different pore stability of the channel constructs (1). Analogous observations were made when 10 M tertiary (Ϫ)D888 was applied from the extracellular side to cells expressing either wild-type Ca v 1.2 or the mutant I781T (Fig. 4, A and B) . At this concentration, about 80% of current inhibition was induced by a standard pulse train. Recovery was voltage-dependent and displayed a similar exponential dependence of the time constant for recovery on the membrane potential (compare Figs. 3D and 4C) .
These data suggest that gate structures of the closed conformation form a substantial barrier that is rate-limiting for channel unblock. In other words, increasing the voltage drop across the closed channel gates facilitates the release of (Ϫ)D888. If so, the fraction of the membrane voltage affecting dissociation of the trapped drug molecule can be calculated by Eyring theory. This analysis predicts a location of the charged PAA molecule close to the central pore region (see supplemental data and Fig. 5) . Table 2 in supplemental data).
Slow Recovery from Block Does Not Reflect Recovery from Slow

DISCUSSION
Our results lead us to conclude that association of D888 is voltage-independent, whereas drug dissociation from closed channels is voltage-dependent.
Evidence for Voltage-independent Access of D888 via a Widely Open Pore Conformation-All three Ca v 1.2 variants (wild-type, I781T, I781P) were blocked to comparable extents (Fig. 2 ) despite the differences of up to 40 mV in membrane depolarizations applied to induce similar (maximal) activation during the pulse trains (Fig.  1B, arrows) . The two mutations (I781T, I781P) did not affect the PAA binding pocket (13-17, 22, 23) , as can be seen from similar concentration-dependence of channel inhibition (Fig. 2D) . The main effect of these mutations is the pronounced shift in the voltage-dependence of Ca v 1.2 gating (Fig. 1) . (؊)qD888. A, B , and C, I Ba recovery from block by 100 M intracellular (Ϫ)qD888 of wild-type (A), I781T (B), and I781P (C) mutant channels at holding potentials of Ϫ110 (E), Ϫ100 (f), Ϫ90 (OE), or Ϫ80 mV (ࡗ). Inset, block was elicited by a standard conditioning train of 30 pulses (see also Fig. 2 ) and recovery measured applying test pulses at different time after the conditioning train. Data points were fitted by mono-exponential functions; yielding time constants: Ϫ110 ϭ 16 Ϯ 3 s, Ϫ100 ϭ 24 Ϯ 4 s, Ϫ90 ϭ 40 Ϯ 6 s, and Ϫ80 ϭ 78 Ϯ 7 s for wild-type; Ϫ110 ϭ 13 Ϯ 3 s, Ϫ100 ϭ 27 Ϯ 4 s, Ϫ90 ϭ 31 Ϯ 5 s, and Ϫ80 ϭ 52 Ϯ 6 s for I781T mutant; The question of voltage-dependence of drug binding cannot be analyzed in wild-type channels because stepping to different test potentials evokes currents with different kinetics, which would inevitably affect use-dependent channel inhibition. Here we made use of mutant Ca v 1.2 channels that activated (and inactivated) at different membrane potentials but with similar kinetics (Fig. 1) . These mutants allowed us to analyze blockade of channels for which the fractions of open and inactivated channels were similar but the voltages were different.
Quaternary (permanently charged) PAA such as (Ϫ)qD888 enter and block open Ca v 1.2 pores from the intracellular side (11, 20) . At a first glance, voltage-independent drug access could be explained by a drug binding site located close to the inner channel mouth. Several results suggest, however, that the putative binding determinants are more likely to be located deeper in the channel pore (13-17, 22, 23) .
We believe the voltage-independent access of (Ϫ)D888 ( Evidence for Trapping of (Ϫ)D888 in the Closed Channel-The drug enters the channel in a voltage-independent manner, and the channel can close while the drug is still bound. There are two ways the drug could leave the closed channel. In scenario 1 the drug can exit the channel only when the channel flickers to a more open conformation, and the voltage-dependence of dissociation is because of voltage-dependence of the conformational change. In scenario 2, channel closure does not completely trap the drug, but it does present a barrier that the drug must pass when it exits the pore. There is a voltage drop across this barrier (because the pore is smaller than in the open conformation), and the voltage-dependence of recovery from blockade is because of the movement of the charged drug through this electric field.
Scenario 1 is unlikely because stronger hyperpolarization decreases the probability of channel flickering to a more open conformation. Figs. 3 and 4 illustrate, however, the facilitation of channel unblock at more hyperpolarized voltages. Our data support therefore scenario 2 in which the slow voltage-dependent dissociation is because of a substantial voltage drop across the closed S6 gate, i.e. negative voltages apparently facilitate movement of the charged drug molecule from a central binding site through the closed gate. The exponential dependence of the recovery time constants on membrane potential suggests that an absolute rate constant theory is applicable (see supplemental data). The calculated fractions of the membrane potential affecting drug dissociation range from 0.44 (I781P) to 0.56 (wild-type). Assuming a quasi-linear distribution of the potential within the closed channel, this suggests that the charged molecule binds near the central pore region. A similar fraction A and B, I Ba recovery from block (10 M (Ϫ)D888) of wild-type (A) and I781T (B) channels at holding potentials of Ϫ110 (E), Ϫ100 (f), Ϫ90 (OE), or Ϫ80 mV (ࡗ) (same protocol as described in the legend to Fig. 3 ). Data points were fitted by mono-exponential functions yielding time constants: Ϫ110 ϭ 11 Ϯ 1 s, Ϫ100 ϭ 18 Ϯ 2 s, Ϫ90 ϭ 31 Ϯ 4 s, and Ϫ80 ϭ 57 Ϯ 10 s for wild-type; Ϫ110 ϭ 10 Ϯ 1 s, Ϫ100 ϭ 24 Ϯ 4 s, Ϫ90 ϭ 29 Ϯ 3 s, and Ϫ80 ϭ 53 Ϯ 7 s for I781T mutant. C, semi-logarithmic plot of the recovery time constants versus holding potentials. Regression yields slopes of 0.023 mV Ϫ1 (wild-type) and 0.022 mV Ϫ1 (I781T).
of 0.56 -0.57 was estimated for the tertiary PAA (Ϫ)D888 (Fig.  4 and supplemental data). Closed Ca v 1.2 May Accommodate (Ϫ)D888-Our functional data suggest that the channel can close while (Ϫ)D888 is bound. We developed homology models of the Ca v 1.2 ␣ 1 subunit to determine whether this hypothesis is consistent with current knowledge of voltage-gated channel structure. Crystal structures of KcsA (4) Summary and Outlook-Our objectives were to gain insights into the architecture of the inner pore region of Ca v 1.2 and to better understand the mechanism by which drugs block these pores from the inside. Our data support the hypothesis that the gates of Ca v 1.2 channels open widely enough to enable unrestricted (voltage-independent) access of a large molecule such as (Ϫ)D888. The above results support a mechanism in which (Ϫ)D888 enters the pore and binds in a centrally located cavity in a voltage-independent manner and is subsequently trapped when the channel closes. Although we have not attempted to model the conformation of the blocking molecule nor its precise interaction with the channel, a central cavity in our homology model of a closed Ca v 1.2 can accommodate a large cation such as (Ϫ)D888 (Fig. 5) . The predicted position of (Ϫ)D888 in the cavity would allow interactions with amino acids that have been previously identified as determinants of PAA sensitivity.
The molecular events during channel block are obviously more sophisticated than a simple open channel block. In the present study, we analyzed the mechanism of channel block and unblock by (Ϫ)D888 under experimental conditions that minimize the role of inactivation. It is, however, well established that inactivation modulates Ca v 1.2 inhibition by PAA (17, 24 -26) . Such modulation was recently confirmed in experiments on recombinant channels. Point mutations within the Ca v ␣ 1 -subunit that affected the kinetics of inactivation also modulated channel block irrespective of whether the substituted residue was near (within) the putative drug binding pocket or far away (Ref. 19 for review). However, our study clearly illustrates that use-dependent block by (Ϫ)D888 is not caused by an accumulation of channels in a slow inactivated state (Fig. 6 in supplemental data) . Elucidation of the modulatory effect of inactivation determinants on Ca v 1.2 channel block remains a challenge for future studies.
